Background
Introduction
The association between diabetes mellitus and osteoporosis is a great concern for the elderly. Meta-analyses have demonstrated that patients with type 2 diabetes mellitus (T2DM) are at increased risk of hip fracture compared with non-T2DM subjects [1, 2] . The risk of vertebral fractures (VFs) in T2DM patients is significantly elevated despite the elevated bone mineral density (BMD) of T2DM patients compared with nondiabetic subjects [3] . Assessing the bone fragility in patients with T2DM by BMD is difficult because BMD at any site such as the spine, femoral neck and distal radius 1/3 are not significantly associated with the presence of VFs [3] and because the fracture risk of T2DM patients is elevated compared with nondiabetic subjects at any age and BMD T-score [4] . Bone strength is a composite of both BMD and bone quality [5] , and these findings suggest that the patients with T2DM might have poor bone quality that is not apparent in the BMD measurements. Thus, tools are needed to assess comprehensively the bone fragility of T2DM patients, especially the bone quality which consists of material properties such as bone collagen as well as structural properties such as bone geometry and microarchitecture.
The finite element method (FEM) is a computational analytical tool for a complex system such as the stress analysis of a structure. Ex vivo studies showed that quantitative computed tomography-based FEM (QCT-based FEM) was superior to BMD and QCT alone for assessing the bone strength of vertebrae [6] [7] [8] . In addition, in vivo QCT-based nonlinear FEM computed by thin-slice imaging produced by multi-detector computed tomography (MDCT) for clinical use had a higher diagnostic power for VFs than BMD in nondiabetic subjects [9, 10] . These advantages suggest that QCT-based FEM may be useful for T2DM patients to determine the bone fragility, which is difficult to find by BMD, [3] because QCT-based FEM can estimate the integrated the bone strength which consists of BMD and bone structure (one of component of bone quality); however, it is unknown whether the bone strength of T2DM patients can be estimated by QCT-based nonlinear FEM.
To clarify this issue, we investigated the relationship between the presence of VFs and the index of bone strength calculated by QCT-based nonlinear FEM in patients with T2DM.
Subjects and Methods

Subjects
This cross-sectional study was approved by the ethical review board of our institution the Shimane University Institutional Committee on Ethics (IRB No. 1648) and it complied with the Helsinki Declaration. All of the subjects agreed to participate in the study and provided written informed consent. A total of 146 Japanese patients with T2DM were sequentially enrolled [54 postmenopausal women (age range 47-84 years) and 92 men (age range 51-88 years)]; these patients had been referred to Shimane University Hospital from community clinics for the treatment of diabetes. All of these patients underwent BMD measurements for the diagnosis of osteoporosis and CT scans for screening to exclude malignant neoplasm-induced or functional adrenal tumor-induced diabetes under standard clinical conditions. Subjects who had higher than normal serum creatinine levels (normal range for women, 0.44-0.83 mg/dl; for men, 0.56-1.23 mg/dl) were excluded from the study and were subjects with primary hyperparathyroidism, hyperthyroidism, and rheumatoid arthritis to avoid metabolic bone disorders caused by secondary osteoporosis, or a history of falls or traffic accidents to eliminate the possibility of injury-associated fractures. None of the subjects received drugs or hormones that might affect their bone metabolism, including sex steroids, glucocorticoids, warfarin, bisphosphonates, teriparatide, and denosumab.
Biochemical measurements
Blood samples from fasting patients were analyzed for hemoglobin A1c (HbA1c) and serum creatinine (Cr) using automated techniques at our hospital's central laboratory. Serum bonespecific alkaline phosphatase (BAP) and urinary N-telopeptide (uNTX) were measured using commercially available enzyme-linked immunosorbent assays (ELISAs).
BMD measurements
BMD values for the lumbar spine (L) and the femoral neck (FN) were measured by dual-energy X-ray absorptiometry (DXA) using a QDR-4500 system (Hologic, Waltham, MA). The values were expressed relative to the standard deviation (SD) of age-and sex-matched normal Japanese BMD values provided by the manufacturer (Z-score). The coefficients of variation for the measurements of L-BMD and FN-BMD were less than 1%.
Ascertainment of fractures
For all of the subjects, conventional thoracic and lumbar radiographs using lateral and anterior-posterior projections were obtained. A VF was diagnosed according to a reduction of 20% as defined by the Genant visual criteria [11] ; observations were made by two investigators who were blinded to each other's readings. If the VF assessments were discordant between two independent investigators, then the film was separately reassessed. If the re-evaluated findings were discordant, then the case was regarded as a non-fracture.
Computed tomography scanning and QCT-based nonlinear FEM
The FEM procedure in this study was performed according to the protocol of the previous study for nondiabetic subjects [9] in order to compare with the results from this population. QCT data were embedded into an image that was diverted from scans performed by multidetector computed tomography (the Aquilion 64, Toshiba Medical Systems Corporation, Otawara, Japan) with a calibration phantom equipped with hydroxyapatite rods in the standard condition for clinical practice as follows: a slice thickness of 2 mm, a pixel width of 0.35 mm, a tube voltage of 120 kVp, a tube current of 360 mA, and a 512 x 512 matrix. The FEM procedure was performed as previously described [9] . A cylindrical region of interest (ROI) with a radius of 10 mm and a thickness of 10 mm was placed manually in the vertebral body of the second lumbar spine. Hounsfield unit values in the ROI were converted into equivalent density. A 3-dimensional FEM of the vertebral body without including the spinous process and interspinal disk was constructed with 2-mm tetrahedral elements and 2-mm triangular plates from the CT image using Mechanical Finder software (Mitsubishi Space Software, Tokyo, Japan) [9, 12] . Young's modulus and the thickness of each triangular plate on the outer surface of the cortical shell were allocated values of 10 GPa and 0.4 mm, respectively. The mechanical properties of each element were calculated from the Hounsfield unit values. The ash density of each voxel was assigned using the linear regression equation created from the values of the calibration phantom. The ash density of each element was determined as the average ash density of the voxels contained in one element. Poisson's ratio of each element was set to 0.4. Young's modulus and the yield stress of each element were calculated from the equations proposed for nondiabetic subjects [13] according to a previous study [9] .
Complete restraint to all nodes of the lower end of the vertebral model was applied as boundary conditions for the simulation of VF. The bone strength was calculated every 50 N under the condition of uniaxial and uniformly distributed compression to the upper site of the vertebrae. Each element was considered to yield when its Drucker-Prager equivalent stress reached the element yield stress. Failure was defined as the occurrence of the minimum principal strain of the first element with less than -10,000 microstrains. The vertebral yield and VFs were determined by the occurrence of the yield and failure in at least one element. The fracture load was defined as the vertebral strength index.
Statistical analysis
All of the parameters are presented as the mean ± standard deviation for each group. The statistical analyses were conducted using StatView (Abacus Concepts, Inc., Berkeley, CA, USA). The statistical significance of the continuous variables was determined using the Mann-Whitney U test. Multiple regression analyses were performed with significant variables selected from a simple regression analysis to determine the significant independent variables against the vertebral strength index. Multiple logistic regression analysis was performed after adjusting for the variables shown in the tables. P-values of less than 0.05 were considered to be significant.
Results
Baseline characteristics of the participants
The background data are shown in Table 1 . In total, 20 women (37.0%) and 39 men (42.4%) had VFs. Six women (11.1%) and 12 men (13.0%) had grade 2 or 3 VFs and multiple prevalent VFs. There were no significant differences in the age, BMI, duration of T2DM, and serum levels of HbA1c and BAP between the men and women. The urinary levels of N-telopeptide (uNTX) were significantly lower in the men than in the women (P < 0.01). Serum creatinine levels, BMD values, and T-scores were significantly higher in the men than in the women (P < 0.01). The vertebral strength index was significantly higher in the men than in the women (P < 0.01).
Correlations of the vertebral strength index with clinical parameters
The factors that affect the vertebral strength index were investigated by a simple regression analysis ( Table 2 ). The vertebral strength index of both genders was significantly and inversely correlated with age and significantly and positively related to the L-and FN-BMD, T score, and Z-scores, except in women. Significant negative associations were observed between the vertebral strength index and creatinine levels in women and uNTX levels in men. Multiple regression analysis that adjusted for age, creatinine, uNTX and spine BMD, which were significantly correlated by simple regression, revealed that age and BMD were independent negative and positive determinant factors for the vertebral strength index in both women (r = -0.43, P < 0.001; r = 0.35, P = 0.003) and men (r = -0.36, P < 0.001; r = 0.55, P < 0.001) ( Table 3) .
Assessment of the VF risk between patients with and without VFs
The clinical parameters of the group without VFs and the group with at least one VF did not differ significantly, including the vertebral strength index (Table 4 ). Significant differences between the group with more severe VFs, such as grade 2 or 3 VFs and multiple VFs, and without VFs were observed only in the female T-score of femoral neck and the male age in the group with grade 2 or 3 VFs, which were significantly lower (P < 0.05) and higher (P < 0.05), respectively, than those in the group without VFs.
Next, the association between the presence of VFs and the vertebral strength index was investigated (Table 5 ). Logistic regression analysis that adjusted for age (Model 1), L-BMD (Model 2), BMI, HbA1c, and duration of T2DM (Model 3) did not reveal a significant relationship between any of the severities of the VFs defined by the grade or number and the vertebral strength index.
Discussion
In contrast to previous reports on the fracture risk in nondiabetic subjects, the vertebral strength index calculated by the QCT-based nonlinear FEM of patients with T2DM was not associated with any prevalent VFs when utilizing material properties that were obtained from a previous study in nondiabetic subjects [13] according to a standard protocol [9, 12] . The estimation of the skeletal strength of the vertebrae by QCT-based nonlinear FEM is well established in non-diabetic subjects. This method could predict failure loads and fracture patterns in cadaver studies [14] and assess the vertebral compressive strength better than BMD or QCT alone in ex vivo studies [6] [7] [8] 15 ] because individual geometric and densitometric inhomogeneities such as bone shape, trabecular structure and mineralization obtained by MDCT can be embedded in FEM. The calculation of bone strength by FEM requires Young's modulus and Poisson's ratio, which are components of material properties; however, FEM using a patient's own material properties has not been achieved because the determination of the material properties requires invasive procedures such as a bending strength test. According to a published protocol [9, 12] , the values obtained from nondiabetic subjects [13] were used as the bone material properties of T2DM patients in this study because no specific values are available for patients with T2DM. However, substituting these values may lead to false results. The increased bone content of pentosidine, an advanced glycation end-product, in spontaneousonset diabetic rats and the elevated serum levels of pentosidine in patients with T2DM have been associated with bone fragility independent of the bone mineral density [16, 17] , which suggests that patients with T2DM have poor bone material properties compared with nondiabetic subjects. In addition, a recent study of the direct measurement of bone strength by microindentation revealed that the bone material strength of T2DM individuals was significantly lower than that of the control subjects [18] . Considering these findings, the lack of association between bone strength estimated by QCT-based nonlinear FEM using nondiabetic material properties and actual bone fragility in T2DM patients indirectly suggests that patients with T2DM have deteriorated bone material properties compared with nondiabetic subjects, which may underlie the bone fragility in T2DM. Insufficient statistical power may be responsible for the failure to observe a relationship between VFs and the vertebral strength index. This study confirmed the significant negative association between age and the vertebral strength index observed in a previous study [9] , which indicates that the analytical procedure of QCT-based nonlinear FEM was performed consistently. Based on data from a previous study on the relationship between VFs and the vertebral strength index in nondiabetic participants [9] , statistical power analysis was performed using the same values: the difference in the mean values of the vertebral strength index between subjects with and without VFs was 1 kN, and the standard deviation of the vertebral strength index was 0.80. Because patients with diabetes have an increased risk of fracture compared with nondiabetic subjects, the difference in the mean values of the vertebral strength index in the T2DM patients is expected to be the same or greater than that in nondiabetic subjects. Thus, using the values for nondiabetic subjects may lead to an underestimation of the fracture risk in diabetic patients. When the ratios of the number of patients with and without VFs were assumed to be 1 to 8, as in this study, with 80% power at a two-tailed alpha level of 0.05, the required minimum numbers of subjects for one group were 6 to 11, which implies that the present study was statistically appropriate to obtain conclusive results. However, no association was detected between VFs and the vertebral strength index, which suggests that the application of QCT-based nonlinear FEM to evaluate the bone strength of patients with T2DM without modifying the standard protocol presents technical problems. This study had several limitations. First, it was not population-based nor were all of the participants enrolled from identical populations; thus, a selection bias could have occurred. Furthermore, the sample size was not sufficiently large to enable us to make definitive conclusions. Second, the patients enrolled in this study were treated at Shimane University Hospital, which is a tertiary care center, and thus, they may exhibit more severe cases of T2DM; therefore, our patients might not be representative of the average Japanese patient with T2DM. Finally, this study did not confirm the association between VFs and the vertebral strength index of nondiabetic subjects as well as the difference in the vertebral strength index between participants with and without diabetes because it was important to avoid unnecessary X-ray exposure to nondiabetic subjects.
In conclusion, the present study demonstrated that the presence of VFs in T2DM patients was not significantly associated with the vertebral strength index calculated by QCT-based nonlinear FEM based on an established standard protocol when the parameters derived from nondiabetic subjects were applied to the bone material properties of diabetic patients. This finding suggests that the bone material properties of T2DM individuals could be deteriorated compared to nondiabetic subjects. QCT-based nonlinear FEM can assess the integrated bone strength, which consists of not only bone mineral density but also bone geometry. Therefore, further studies will be necessary to determine the adequate indexes of bone material properties for patients with T2DM and thereby assess the precise bone strength by QCT-based nonlinear FEM.
Author Contributions
Conceived and designed the experiments: MY. Performed the experiments: NK. Analyzed the data: NK MY. Contributed reagents/materials/analysis tools: MY TS. Wrote the paper: NK MY TS.
